Pedunculate (Quercus robur L.) and sessile oak (Quercus petreae Matt. Liebl.) are closely related species with a widely sympatric distribution in Europe. These two oak species are also known to display different ecological features, particularly related to their adaptation to soil waterlogging. Pedunculate oak grows in humid areas and can withstand high moisture content of the soil, whereas sessile oak requires drier soil with better drainage. The main goal of this study was to explore the role of gene expression contributing to differences in terms of waterlogging tolerance between these two species. We implemented a series of experiments aimed at evaluating whether differentially expressed genes between species are associated with their ecological preferences and underlie adaptive genetic divergence. Rooted cuttings of both species were grown in hydroponic conditions and subjected to gradual root hypoxia. White roots were sampled after 6, 12, 24 and 48 h. Realtime polymerase chain reaction (qPCR) was first used to monitor the expression of 10 known waterlogging-responsive genes, to identify discriminating sampling time points along the kinetics of hypoxia. Secondly, four subtractive suppressive hybridization libraries (sessile vs. pedunculate, pedunculate vs. sessile for early and late responses) were generated to isolate differentially expressed genes between species. A total of 2160 high-quality expressed sequence tags were obtained and annotated, and a subset of 45 genes were selected for qPCR analysis in a second independent factorial experimental design applying two stress durations per two species. Significant differences of gene expression between pedunculate and sessile oaks were detected, suggesting species-specific molecular strategies to respond to hypoxia. This study revealed that the ability of pedunculate oak to maintain glycolysis and fermentation under hypoxic conditions may help explain its tolerance to waterlogging.
Introduction
Ecological speciation states that the selection of adaptive traits in different ecological niches can cause reproductive isolation between populations, even if these are not isolated geographically. Although being a relatively unexplored area compared with the study of DNA sequence polymorphism (Wachowiak et al. 2009 ), the analysis of changes in gene expression (Pavey et al. 2010 ) and DNA methylation profiles (Hegarty et al. 2008 ) are emerging as important factors in ecological speciation because they both promote population persistence in a newly colonized area. The role of gene expression in ecological speciation is supported by recent studies in animals and plants. Using gene expression analysis based on microarrays, Nolte et al. (2009) identified key regulatory genes involved in the adaptive divergence between dwarf and normal lake whitefish. Based on next-generation sequencing technology, Jeukens
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Downloaded from https://academic.oup.com/treephys/article-abstract/32/2/119/1656004 by guest on 09 February 2019 09 February et al. (2010 investigated both transcriptomic divergence and correlation between expression divergence and sequence polymorphism in whitefish. These authors identified up-regulated energy-related genes that bear 63 single nucleotide polymorphisms (SNPs) showing significant allelic imbalance in dwarf fish. In plants, most attention was given to hybrid speciation. Transcriptomic studies revealed strong modifications in the transcriptome of hybrid combinations compared with parental species. They concluded that part of these changes in gene expression may be responsible for the hybrid's survival in novel ecological niches not accessible to their parents (reviewed by Hegarty et al. 2008) .
In forest trees, the European white oak species complex offers an exceptional model to study the molecular basis of speciation and adaptive radiation in nature (Porth et al. 2005 , Parelle et al. 2007a . Sessile oak (SO) (Quercus petraea (Matt.) Liebl.) and pedunculate oak (PO) (Quercus robur L.) are two sympatric species widely distributed across Europe. Their local distribution is highly constrained by soil properties: SO is found on deep and well-drained soil, whereas PO is adapted to temporarily waterlogged soils. This distribution was subsequently confirmed by the response of the two species under controlled environments: SO was shown to be more tolerant to water shortage (Lévy et al. 1992) , whereas PO can withstand high moisture content of the soil and is therefore more tolerant to waterlogging and root hypoxia (Schmull and Thomas 2000) . While recent ecophysiological studies (Parelle et al. 2006 (Parelle et al. , 2007a have emphasized that morphological (i.e., large number of hypertrophied lenticels and adventious roots) and physiological (i.e., higher activities for fermentative enzymes) changes are potentially involved in PO being more tolerant to waterlogging, a clear-cut interspecific genetic differentiation based on molecular markers has still not been evidenced (Guichoux et al. 2011) . At the intraspecific level, Parelle et al. (2007b) reported the identification of five significant quantitative trait loci (QTLs) involved in response to waterlogging using an F1 progeny of PO, suggesting genetic differences within species. In particular, QTLs for the degree of leaf epinasty and the number of hypertrophied lenticels were identified.
Furthermore, in a genome scan approach based on conventional gene markers located on a linkage map, Scotti-Saintagne et al. (2004) showed that a few genomic regions displayed higher interspecific divergence, suggesting the presence of 'gene islands' of differentiation maintained by selection, despite extensive gene flow between the two species.
The identification of the molecular players involved in ecological divergence between these two co-occurring species, and especially those involved in waterlogging tolerance, is therefore of utmost importance in identifying genes that matter for adaptation and understanding the molecular basis of incipient ecological speciation in oak.
The mechanisms by which plants respond to waterlogging are complex. Part of the morphological and physiological modifications that occur during flood stress are currently well understood. Morphological modifications encompass hypertrophied lenticel formation , aerenchyma development (Evans 2003) and adventitious root formation (MacDonald et al. 2002) , whereas physiological modifications include a decrease in shoot water potential (Parent et al. 2008 ) and a decrease in stomatal conductance during the first hours of hypoxic stress . These morphological modifications may lead, in tolerant plants, to the development of structures possibly favoring O 2 diffusion to the root tips.
At the molecular level, approaches to discover genes regulated in plants grown in anaerobic conditions remain limited. Most of the studies have benefited from microarray technology to identify up-regulated pathways in plants exposed to low O 2 concentration (Gonzali et al. 2005) . These studies have essentially shown that flood-tolerant genotypes are able to maintain their ATP production by inducing their fermentative pathway (reviewed by Fukao and Bailey-Serres 2004) . This result was also confirmed at the proteomic level. In maize, Subbaiah and Sachs (2003) reported the over-expression of 20 anaerobic proteins associated with the maintenance of energy production during hypoxia. On the other hand, microarray approaches have also shown that numerous genes are differentially regulated during hypoxic stress (Branco-Price et al. 2005 , Van Dogen et al. 2008 . These genes are mainly involved in signal transduction (Baxter-Burrell et al. 2002 , Folzer et al. 2005 , ethylene biosynthesis (Vriezen et al. 1999 , Drew et al. 2000 , nitrogen metabolism (Mattana et al. 1994 ) and cell wall loosening (Saab and Sachs 1996) . A large number of transcription factors have also been found (Bailey-Serres and Chang 2005) .
In forest trees, such as oaks, the molecular mechanisms related to waterlogging tolerance are also poorly understood. Most of the studies emphasize the functional characterization of a few candidate genes (CGs). As an example, Folzer et al. (2005 Folzer et al. ( , 2006 reported on the behavior of two calmodulin genes during waterlogging response in young SO. Parent et al. (2008) characterized the spatiotemporal expression of a gene encoding a non-symbiotic Hemoglobin in the same species. The use of global approaches to capture the whole transcriptome expressed during hypoxic or anoxic stress is in its infancy. To our knowledge, only a single study was performed in the leaves and roots of gray poplar using microarray analyses (Kreuzwieser et al. 2009 ). These authors identified several pathways (fermentation and secondary wall formation) with opposite trends in terms of transcript accumulation between root and leaf.
To fill this gap of knowledge, the following strategy was applied in PO and SO. First, rooted cuttings from both species were grown in hydroponic culture and subjected to a kinetics of hypoxia ranging from 0 to 48 h. Second, a real-time polymerase chain reaction (qPCR) analysis was performed using 10 hypoxia-responsive genes to identify the most discriminating time points along the kinetics. Third, four subtractive suppressive hybridization (SSH) libraries were generated from white roots by subtracting total RNA from PO vs. SO and vice versa for early and long-term stresses. A total of 2160 high-quality expressed sequence tags (ESTs) were generated. A unigene set comprising 1315 elements was obtained and annotated against the Swiss-prot database, and a functional categorization was performed. Finally, 45 genes were selected to quantify the accumulation of the corresponding transcripts by qPCR in an independent factorial design where the two species were submitted to short-and long-term stresses.
Materials and methods
Two independent experiments were put in place (see Supplementary File 1 available as Supplementary Data at Tree Physiology Online). The objective of the first experiment was two-fold. It first aimed at selecting discriminating time points of gene expression between SO and PO, along a kinetics (stress duration) of root hypoxia using qPCR. Second, it was used to provide a catalog of expressional CGs by sequencing ESTs from SSH libraries. The objective of the second experiment was to quantify transcript accumulation for a subset of these genes to identify some of the molecular mechanisms that differ between PO and SO submitted to root hypoxia.
Candidate gene discovery
Experimental design 1 A first batch of cuttings was obtained from six SO and six PO genotypes (one copy per genotype), rooted in a 1:1 sand:peat mixture, from August 2001 to May 2002 and then transferred to hydroponic medium in a growth chamber with a 16/8 h photoperiod, a quantum flux of 260 µmol m −2 s −1 , a day/night temperature of 25/20 °C and a day/night relative humidity of 85/70%. After 4 weeks of acclimation, root hypoxia was applied by bubbling N 2 in the solution to maintain the O 2 concentration <1 mg l −1 , while the control treatment was approximately of 8 mg l −1 concentration. White roots were then harvested after 0 (control) 6, 12, 24 and 48 h of treatment (i.e., during the daylight period). For each species and sampling point, white roots from the six cuttings were pooled and immediately stored at −80 °C. To select the most discriminating time points between species for CG discovery by SSH, qPCR was used to monitor the expression level of 12 CGs for hypoxic response (see Supplementary File 2 available as Supplementary Data at Tree Physiology Online): five functional CGs based on literature data and seven putative CGs specific to oak obtained from cDNA-AFLP data generated by this experimental design (see Supplementary File 3 available as Supplementary Data at Tree Physiology Online).
In Experiment 1, PO cuttings were obtained from trees collected along a hydromorphic gradient in the Petite Charnie forest stand (northwest of France), an intensive study plot used for gene flow analysis ). Species status was confirmed by microsatellite markers in the case of PO. Cuttings of SO originated from a certified seed stand where taxonomic purity was assessed by leaf morphological analyses (Viscosi et al. 2009 ).
Subtractive suppressive hybridization
The Smart PCR cDNA synthesis kit and the PCR-select cDNA Subtraction Kit (Clontech Laboratories, Inc., Mountain View, CA, USA) were used to generate the SSH libraries following the manufacturer's instructions. This method, originally described by Diatchenko et al. (1996) , is based on selective amplification of differentially expressed sequences. Double-stranded tester cDNA and driver cDNA were prepared from 1 µg total RNA of each sample. Amplified differentially expressed cDNA fragments were cloned into the pGEM ® -T Easy Vector (Promega, Madison, WI, USA). Four SSH libraries were built (see Table 1 ) by subtracting PO against SO total RNA (library A) and vice versa (library B) for early response (6 h), and by subtracting PO against SO total RNA (library C) and vice versa (library D) for late response (24 + 48 h).
Hypoxia-responsive genes in oaks 121 Sequencing and bioinformatic analysis Sequencing was performed using the standard method as described by Sanger et al. (1977) . Briefly, clones were randomly isolated and arranged individually in 96-well microtiter plates for storage and processing and subjected to 5′-end sequencing following the procedure described in Uneo et al. (2010) . Sequences were then assembled and annotated using the assembling software StackPACK ™ (George 2001) according to the procedure described by Chancerel et al. (2011) . Functional annotation was performed using BLAST-X (Altschul et al. 1997) (Kremer et al. 2007 ).
The taxonomic status of all trees was checked using microsatellite markers according to the method described in Lepais et al. (2009) . After 3 months of growth, the following treatment was applied. Cuttings (three per genotype) were placed in oxygenated watertight containers for 2 weeks in a growth chamber providing the same environmental parameters as described above. Root hypoxia was then imposed by using deoxygenated water (O 2 concentration <1 mg l −1 measured with a dissolved oxygen sensor Cellox 325 (WTW, Weilheim, Germany) using N 2 bubbling). White roots from each genotype and species were harvested after 0 (control), 6 and 48 h of hypoxia. In all cases, white roots were immediately dipped in liquid nitrogen to prevent degradation and stored at −80 °C until RNA extraction. Two biological replicates were then obtained for each species by mixing the material harvested on the same five cuttings for each sampling point and species. RNA extractions were performed according to the procedure described by Le Provost et al. (2007) . For qPCR analysis, RNA extractions were performed in triplicate for each biological replicate.
One microgram of total RNA was reverse transcribed using the Improm-II ™ reverse transcription system (Promega ® ) according to the manufacturer's instructions. After reverse transcription, the cDNA solution was diluted 10-fold before qPCR analysis. Real-time polymerase chain reaction reaction and quantification were performed on a Chromo4™ Multicolor RealTime PCR Detection System (Bio-Rad Laboratories, Inc., Hercules, CA, USA). Polymerase chain reaction primer pairs were designed using the Primer3 software (Rozen and Skaletsky 2000) . Primers were designed to have an optimal size of 20 bp (18-22 bp), a GC content of 40-60% and a Tm of 60 °C. Other criteria such as primer self-annealing were also taken into account. Oligonucleotides were synthesized by Eurogentec (Liége, Belgium). Real-time polymerase chain reaction and data analysis were performed following the procedure described by Paiva et al. (2008) . Data were analyzed using the Excel (Microsoft) macro GENEX v1.10 (Gene expression Analysis for iCycle iQ ® Real-time PCR Detection System, v1.10, 2004, Bio-Rad Laboratories), using the methods derived from the algorithms of Vandesompele et al. (2002) . The expression levels were normalized with both the stable expression level of elongation factor α and ribosomal protein encoding genes.
Normalized expression values were used in the following linear model:
where T i is the treatment effect (i = 0, 6, 48 h), S j is the species effect (j = PO, SO) and (T i × S j ) is the interaction effect. A P value < 0.01 was used to identify significantly differentially expressed genes.
Results

Diagnostic markers to identify discriminating time points between PO and SO submitted to root hypoxia
To identify the most discriminating time points between SO and PO, 12 diagnostic markers were selected. Two genes (ACC synthase and ADP/ATP carrier like protein) failed to amplify. For the 10 remaining genes, PCR efficiency ranged from 89 to 105%, which is considered to be an acceptable range. Between-species differences in transcript accumulation were observed for nine genes (the gene encoding a sucrose synthase-1 was not differentially expressed) and were classified into three main groups ( Figure 1 ). Group 1 comprised two short-term responsive genes (Alcohol Dehydrogenase and Pyruvate Decarboxylase, PDC). Maximum expression level was observed after 6 h and was then followed by a strong decrease of expression. Interestingly, Pyruvate Decarboxylase displayed a higher expression level in SO, whereas for Alcohol Dehydrogenase a higher expression was found in PO. Group 2 consisted of genes strongly regulated in both species during the short (6 h)-and longer (24 and/or 48 h)-term response, 12 h representing a transitionary stage. This group comprised five genes (Acylcoa Oxidase, Cold-Induced Glycosyl Transferase, CAAX Prenyl Protease, HemoglobinII and a Gibberellin signal transduction related protein), with, in general, opposite reaction norms between the two studied species. Group 3 comprised two genes: Ascorbate peroxidase and Calmodulin-1. For the former, the expression level was quite stable in SO, whereas it decreased in PO with a strong difference after 24 h of stress. For the latter, the expression level was quite stable until 12 h of stress before decreasing strongly in PO, whereas it declined moderately in SO. This trend for calmodulin was also observed by Folzer et al. (2005) in hypoxia-stressed SO raised in hydropony.
The outputs of this first screening step were twofold. First, we identified the most discriminating time points among the five stress durations tested, for screening expressional CGs showing differences in transcript accumulation between PO and SO. It should also be noted that major differences in terms of relative expression were observed during the early response. Genes from Groups 1 and 2 revealed that 6 h of stress was the most discriminating time point for the short-term response, whereas for longer-term response, Groups 2 and 3 emphasized that 24 and 48 h were both Hypoxia-responsive genes in oaks 123 Figure 1 . Expression profile of the CGs selected to identify the most discriminating time points for SSH library construction. Blue squares and full blue lines represent the expression profile for PO. Red triangles and full red lines represent the expression profile for SO. Each point is the mean of three measurements obtained from three independent RNA extractions. Standard deviations were estimated using three measurements obtained from three RNA extractions. important for species discrimination. Second, we confirmed the differential expression of the gene encoding the fermentative enzyme pyruvate decarboxylase (PDC) (up-regulated in both species after 6 h of stress) and Hemoglobin (upregulated in PO after 6 h of stress) in the studied species exposed to root hypoxia (Bailey-Serres and Voesenek 2008, Parent et al. 2008 ).
Discovery of expressional CG using SSH
A total of 2688 sequences were obtained corresponding to 672 ESTs per library (Table 1) . Unexploitable chromatograms and quality checking led us to eliminate 528 sequences (20%), resulting in 2160 high-quality sequences with an average length of 469 pb and a quality score ≥20 (99% accuracy per base according to Phred definition). Assembly of these sequences led to 1315 unigenes, including 411 contigs (1256 ESTs) and 904 singletons, i.e., a redundancy of 39%. This rather low redundancy rate indicated that EST sampling from oak root transcriptome was far from saturated. The redundancy rate per library ranged from 24% (library A, 'PO-enriched' library after 6 h of stress) to 36% (library C, 'PO-enriched' library after 24 and 48 h of stress). The number of ESTs per contig ranged from 2 ESTs (255 contigs) to 29 ESTs (1 contig). Contig sequence length ranged from 74 to 1500 bp with an average length of 604 bp (see Supplementary File 5 available as Supplementary Data at Tree Physiology Online), whereas singletons ranged from 60 to 750 bp with an average length of 469 bp. On average, each contig contained three ESTs but most (80%) contained less than three ESTs. Finally, the sequencing success rate (defined here as (number of informative reads/number of clones sequenced) × 100) was variable between SSH libraries, ranging from 77% for library A to 84% for library D. High-quality sequences were deposited in the EMBL database under accession numbers CU639560-CU657907.
Sequence homology, functional annotation and interspecific comparison
Annotation of the 1315 unigene elements was performed using the Blast-X program against the Swiss-prot database using an e-value cut off <1e −20 . A total of 242 out of 411 contigs and 383 out of 904 singletons showed significant similarities to known sequences in the Swiss-prot database (Figure 2 ). Fortynine contigs and 102 singletons shared significant similarity to unknown function genes with no assigned function from various genomes or ESTs and were annotated as 'unknown protein'. In conclusion, 59% of the unigene elements were annotated as known or unknown function proteins against the Swiss-prot database corresponding to 291 and 485 contigs and singletons, respectively. Finally, 762 sequences (i.e., ESTs in 120 contigs and 419 singletons) did not match any database used in this study. This number represented 35% of the ESTs (41% of the unigene elements) and indicates that new genes were identified in our study. However, it should be noted that the number of hypothetical proteins was higher in singletons (46%) than in contigs (27%) and the average length of singletons (470 pb) was lower than that of contigs (604 pb), showing that the no hit category was biased by shorter reads.
A functional categorization was then performed according to FunCat of MIPS (Figure 3) . Four functional categories were highly expressed in all four libraries: Protein synthesis, Glycolysis and glycogenesis, C-compound and carbohydrate metabolism, and Cellular transport. Unclassified proteins and no hit corresponded to the majority of ESTs (ranging from 72% in library D to 77% in library C).
Interspecific differences in terms of contribution of some functional categories were found in both short-and longerterm responses. With respect to the short-term response, the Amino acid metabolism category was more represented in 124 Le Provost et al. PO (9% in library A vs. 3% in library B). Conversely, the C-compounds and carbohydrate metabolism category was more represented in SO (9% in library A vs. 17% in library B). As for the longer-term response the Protein synthesis category was more represented in SO (11% in library C vs. 20% in library D), whereas the Glycolysis and glycogenesis category was more frequently found in PO (16% in library C vs. 10% in library D).
At the intraspecific level, differences between short-and long-term responses were also observed. In PO and SO, the Cellular communication category increased twofold at 6 h (to 8% in each species). In SO, two categories (Protein synthesis 9-20%, and Amino acid metabolism 3-9%) were more represented at 48 h, while C-compounds and carbohydrate metabolism (17-11%) showed the reverse trend.
However the differences observed at both the interspecific and intraspecific levels should be interpreted very cautiously with respect to the high proportion of hypothetical and unknown proteins found in our libraries. In the coming year, the increasing size of the EST database and the availability of a genome sequence for oak will ultimately allow us to assign a molecular function for some of them. This opportunity may significantly modify the proportion of each functional category observed in our SSH.
Selection of expressional CGs and quantification of transcript accumulation
Among the 1315 unigene elements assembled from the four sets of SSH-derived sequences, a subset of 45 genes (i.e., contigs and singletons) were selected and their expression profile was monitored by qPCR. RNA extractions were performed in triplicate and qPCRs were run on independent PCR plates. For the selection of CGs, we considered their in silico expression level in the whole assembly as well as the representation of functional categories listed above (differing between species and/or stress duration). Polymerase chain reaction efficiencies were acceptable, ranging from 85 to 109% (see Supplementary File 6 available as Supplementary Data at Tree Physiology Online). Among the 45 genes analyzed, six failed to amplify or showed a multi-peak profile in the melting curve (indicative of dimer formation). These genes were discarded from the analysis. P values associated with each effect (species/treatment) are provided in Supplementary File 6 available as Supplementary Data at Tree Physiology Online. The expression profile of the 39 remaining genes is provided in Supplementary File 7 available as Supplementary Data at Tree Physiology Online.
Using two-way analysis of variance, only two genes (RH2 and WRKY) were not statistically significant for the main and Hypoxia-responsive genes in oaks 125 Data at Tree Physiology Online) displayed both treatment and species effects. It should be noted that both genes were more expressed in PO over the whole kinetics. Interestingly, 11 genes displayed an interaction effect. Two genes (Translation F5 and LRR, labelled in yellow in Supplementary File 6 available as Supplementary Data at Tree Physiology Online) were significant for both the treatment and interaction effects and were found to be over-expressed in PO, whereas nine genes (labeled in green in Supplementary File 6 available as Supplementary Data at Tree Physiology Online) were significant for the three effects, from which two were more expressed in SO (G6PDH and PIP1,4) and seven were more expressed in PO (Amylase, Pyruvate kinase187, Adh168, Chaperone, Ubiqoxidoreductase, LCR69 and ACCoxidase).
Discussion
Overview of the EST resource generated
To capture the transcriptome involved in the response to waterlogging, a targeted approach based on qPCR and SSH was applied. Four SSH libraries were generated and a total of 2160 high-quality sequences were obtained and assembled into 1315 unigenes. A match against the Swiss-prot database was obtained for more than half of the unigenes (59%). This result is comparable to what was already found in oak ESTs (Uneo et al. 2010) . The newly identified genes (41% in total) may represent specific genes expressed during hypoxia response in oaks. This is not surprising, given that this type of investigation remains embryonic, especially in forest trees. To the best of our knowledge, the few studies published so far have focused on the functional characterization of a limited number of genes. Folzer et al. (2005, 2006) reported on the molecular characterization of calmodulin genes, whereas Parent et al. (2008) characterized the spatio temporal expression of a Hemoglobin gene in oak. Therefore, the present genomic resource constitutes a large step forward to study adaptation to waterlogging in trees.
It is also important to keep in mind that all our expression analyses were performed in young white roots. The results obtained are therefore only valid for this tissue, and differences in the pattern of gene expression could be observed in older roots. Such a result has already been reported in Gerbera hyrida (Peng et al. 2010) .
In terms of functional categories, Glycolysis and glycogenesis, Cellular communication, C-compound and carbohydrate metabolism and Protein synthesis were among the most abundant, which agrees with a similar study performed in submerged maize (Wanhu et al. 2005) .
Finally, data generated using SSH need to be validated by qPCR to quantify the fold change ratio. In the following section, we only discuss genes validated by qPCR assay with respect to their potential role in the differential response to root hypoxia between PO and SO.
Which molecular mechanisms make PO more tolerant to waterlogging
Our study first highlighted a set of 24 genes that exhibit the same expressional pattern in both species (i.e., showing only a treatment effect) that could be considered as hypoxia-responsive genes. In particular, a strong down-regulation was observed for a gene encoding a catalase during hypoxia (see Supplementary File 7 available as Supplementary Data at Tree Physiology Online). Catalases are involved in the control of the level of reactive oxygen species (H 2 O 2 ). Results obtained on catalase are different according to the intensity of the stress applied. Under hypoxic conditions (O 2 concentration <20.9% and >0% at 20 °C), transcripts encoding catalase are generally increased (Ushimaru et al. 1999 ) and potentially related to the conversion of hydrogen peroxide (H 2 O 2 ) to oxygen (O 2 ). Under anoxic stress (O 2 concentration 0% at 20 °C), catalase is strongly repressed because in the absence of O 2 the production of H 2 O 2 is negligible. However, Blokhima et al. (2001) reported that H 2 O 2 was still identified under anoxic conditions as a consequence of residual oxygen in their experiment. A similar downregulation of catalase was also reported by Lasanthi-Kudahettige et al. (2007) in rice coleoptiles during the anoxic response. These authors concluded that drastic down-regulation of catalase genes during anoxia remains unclear, but they hypothesize that the repression of catalase allowed one to maintain a low level of H 2 O 2 , which could then play a role of second messenger in low oxygen conditions. Fukao and Bailey-Serres (2004) also reported that ROS may be involved in the induction of the Alcohol Dehydrogenase genes. We could hypothesize that downregulation of catalase genes in both oak species is related to the stress applied. Indeed, in this study, we used N 2 bubbling to maintain the O 2 concentration <1 mg l −1 . However, after 48 h of stress the O 2 concentration was <0.5 mg l −1 (data not shown) and such conditions could be associated with anoxic stress, thus explaining the down-regulation observed for this gene in both species. Transcript variation of catalase may in turn represent a good marker to quantify the intensity of the applied stress.
In this section, we will mostly focus on those 11 genes whose expression patterns differ between the two species (i.e., showing a treatment (T) × species (S) effect), therefore highlighting CGs for waterlogging tolerance in oaks. To clarify the discussion, a schematic representation of the expression profiles with respect to the effects identified is available in Table 2 .
It should, however, be considered that our experiments were conducted under controlled conditions and therefore limit the Hypoxia-responsive genes in oaks 127 Table 2 . Schematic representation of expression profiles in PO and SO along the time course experiment. T, significant treatment effect; S, significant species effect; T × S, significant interaction effect; NS, non-significant. scope of the conclusions that have been drawn about the relevance of gene expression regarding the adaptation of PO to waterlogging. Our study made it possible to discover genes that are likely to respond under such conditions. Obviously, new experiments will be needed (being set up in either controlled conditions or real ecological settings) to investigate the genetic control of gene expression at the within-and betweenspecies level and to detect association between structural variants and trait variation.
Contig or singleton ID
Effect on carbon metabolism Plants exposed to low O 2 concentrations switch their metabolism from respiration to fermentative or anaerobic metabolism (for a review, see Fukao and Bailey-Serres 2004) , with the main goal of maintaining their energy (ATP) production. A large plasticity in the regulation of primary metabolism under hypoxic conditions is therefore a key mechanism to cope with hypoxia. Genes encoding enzymes involved in sucrose breakdown and fermentation are known to be temporally regulated during hypoxia. This general feature was confirmed in the present study with genes assigned to glycolysis/glucogenesis (Pyruvate kinase, Fructose-biphosphate-aldolase and β-amylase) and fermentation (Adh3 (T effect only), Adh168, PDC (T effect only)) identified by SSH and validated by qPCR. First, three genes linked to glycolysis were analyzed by qPCR, including a pyruvate kinase (PK187) and a fructosebiphosphate-aldolase (Frualdolase, T and G effect only) directly involved in this pathway as well as a β-amylase (amylase, indirectly involved) providing soluble carbohydrate from starch used for anaerobic fermentation after pyruvate production by glycolysis (Fukao and Bailey-Serres 2004) . In PO, PK187 and Frualdolase were found to be up-regulated after 6 h of stress Hypoxia-responsive genes in oaks 129 Figure 4 . Schematic representation of the metabolic pathways involved in waterlogging tolerance in PO. Enzymes labeled in black displayed only a treatment effect. Enzymes labeled in color exhibited a significant genotype and/or interaction effect. Enzymes labeled in red were up-regulated in PO, whereas enzymes labeled in blue were up-regulated in SO.
while amylase was progressively induced in PO. Overexpression of β-amylase and pyruvate kinase (PK) have also been reported in poplar (Kreuzwieser et al. 2009 ) and rice (Lasanthi-Kudahettige et al. 2007 ) under hypoxia. In oak, Parelle et al. (2007a) also reported that PK activity was higher in PO compared with SO after 3 weeks of waterlogging. Finally, it is also interesting to note that a better functioning of PK may be achieved in PO through an over-expression of the Frualdolase gene since Frualdolase is known to be an allosteric activator of PK. Such a result under hypoxic conditions has also been reported in soybean's hypocotyl using proteomic analysis (Komatsu et al. 2010) .
Second, four genes belonging to the fermentation pathway were analyzed by qPCR, including two genes encoding Alcohol Dehydrogenases (Adh3, T effect only, Adh168), one for a pyruvate decarboxylase (PDC, T effect only) and one for an aldehyde dehydrogenase (Aldh1a). Adh3, Adh168 and PDC were strongly up-regulated after 6 h of hypoxia, whereas Aldh1a was down-regulated. Interestingly, Adh168 exhibited strong interspecific differences (see Supplementary File 7 available as Supplementary Data at Tree Physiology Online), being strongly over-expressed at 6 h in PO.
Several studies using rice-tolerant cultivars have emphasized the accumulation of transcripts encoding fermentation enzymes, among which PDC (Tadege et al. 1998) and Adh are key enzymes of the fermentative pathway. These tolerant varieties were also characterized at metabolic level by an initial high rate of glycolysis (Singh et al. 2001) . Similar results were observed in rice under submergence (Umeda and Uchimiya 1994) . At the enzymatic level, Parelle et al. (2006) reported higher activity for the Adh enzyme in PO compared with SO during waterlogging, suggesting a rather good level of correlation between transcript accumulation and enzyme activity.
The results of the present study are not only in agreement with those reported in the literature but clearly demonstrate that tolerance to waterlogging in PO can be in part explained by a higher efficiency in sucrose breakdown metabolism and anaerobic fermentation (Figure 4 ). This hypothesis is supported by a higher expression level of PK, fructosebiphosphate-aldolase, Alcohol Dehydrogenase (Adh168) and β-amylase in PO. The functioning of Alcohol Dehydrogenase may be achieved under hypoxic conditions by an increase in the pyruvate pool through the degradation of starch by β-amylase. This result was not validated for pyruvate decarboxyalse (PDC) (no interspecific difference), calling for further analysis of different members of the PDC family to confirm whether or not a particular member is over-expressed in PO.
On the other hand, a glucose-6-phosphate dehydrogenase (G6PDH, EC 1.1.1.49) was found to be over-expressed in both species but at a much lower rate in PO compared with SO (see Supplementary File 7 available as Supplementary Data at Tree Physiology Online). The pool of glucose-6-phosphate is the main substrate for two different metabolic pathways: glycolysis and/or the pentose phosphate cycle (Figure 4 ). This result suggests that an over-expression of genes involved in the pentose phosphate pathway in SO could be responsible for its sensitivity to waterlogging by decreasing the sugar pool (glucose-6-phosphate) used in the glycolysis. Similar results were obtained at the enzymatic level by Maciejewska and Bogatek (2002) for winter rape plants.
Protein synthesis
One gene encoding for a eukaryotic translation initiation factor 5 (Translation F5) was analyzed by qPCR. In PO, this gene was up-regulated after 6 h of stress and then down-regulated. In SO its expression was stable with a slight declining trend depending on the biological replicates considered. Translation initiation factor 5 (TF5) and especially 5A (TF5A) are found in all eukaryotic cells and are involved in RNA trafficking and in the regulation of several developmental processes like cell proliferation and cell death. Chou et al. (2004) reported a down-regulation of TF5A in response to sugar starvation in rice. The over-expression in PO may be due to the absence of sugar starvation in this species. Indeed, overexpression of β-amylase in PO may be responsible for the absence of sugar starvation, leading to over-expression of TF5A after 6 h of stress.
Cellular communication
Four genes belonged to this functional category: a plant intracellular Ras-group-related LRR protein 3 (LRR), a 1-aminocyclo propane-1-carboxylic acid oxydase (ACCoxydase) and two calmodulin genes (CAM26 (T and S effects) and CAM92 (T effect only)).
The LRR gene encodes for a plant intracellular Ras-grouprelated LRR protein (PIRL), which was found to be statistically significant for the three effects. This gene was also upregulated in PO after 6 h of stress. You et al. (2010) reported that PIRL proteins may interact with GTPases of the RAS family such as RAC/ROP GTPases, which regulates several metabolic pathways in response to a broad range of external stimuli. Furthermore, Fukao and Bailey-Serres (2004) emphasized the role of ROP GTPase signaling during the hypoxic response. These authors reported that hypoxic conditions activate ROP signaling, leading to ROS production and Adh over-expression. This suggests that the over-expression of the LRR gene in PO may be in part responsible for its tolerance to hypoxia by activating the ROP signaling pathway and thus the over-expression of Adh genes (Figure 4) , allowing a rapid switch of its metabolism to the fermentative pathway. Once again, this result strengthens the hypothesis of a higher efficiency of anaerobic fermentation in PO.
ACC oxidase is a key enzyme involved in ethylene biosynthesis. This gene was also down-regulated in both species, but its expression level was higher in PO. Evans (2003) showed that anatomical modifications occurred in roots during the response to waterlogging. These anatomical modifications correspond to the formation of intracellular air spaces called aerenchyma. More recently, Drew et al. (2000) suggested that ethylene is responsible for aerenchyma formation, inducing cell death especially among cells that would have died due to hypoxia. This result suggests that ACC oxidase in PO is involved in its tolerance to waterlogging through aerenchyma formation in roots.
Finally, a down-regulation for calmodulin (Cam26) over the time course experiment was observed in both species. Calmodulins are proteins involved in the Ca 2+ signalling pathway. Several studies reported on the importance of the Ca 2+ signalling pathway during waterlogging stress by activating specific targets and pathways (Snedden and Fromm 2001) . In young SO seedlings subjected to waterlogging stress, Folzer et al. (2005) reported a similar expression pattern for two calmodulins.
Protein fate
One Chaperone-encoding gene (Chaperone) was analyzed by qPCR. This gene was up-regulated in both species and exhibited a higher expression level in PO after 6 h of stress. Chaperone proteins are either constitutively expressed or induced by stress. They are essential for the functioning of cells, protecting them against stressful conditions (Liberek et al. 2008) . In Arabidopsis thaliana, Loreti et al. (2005) showed that Chaperones are also up-regulated in seedlings under hypoxic conditions. They also reported that heat pretreatment considerably increased tolerance to hypoxia. A faster induction of Chaperones during the short-term response may contribute to the tolerance of PO to waterlogging, thus allowing it to avoid stressful conditions. This hypothesis has also been put forward by Lasanthi-Kudahettige et al. (2007) in rice. In this tolerant species, starch hydrolysis by amylase delays sugar starvation, and over-expression of the fermentative pathway allows one to avoid anoxic conditions triggering heat shock protein induction.
Cellular transport
Two genes encoding plasma intrinsic membrane aquaporin (PIP 1,5, T effect and PIP 1,4, T, S and TS effects) were analyzed by qPCR. These genes were repressed over the time course experiment, especially in SO. In plants, low O 2 concentration is known to reduce hydraulic conductivity (Lp) (Clarkson et al. 2000 , Else et al. 2001 . In hypoxic stressed oaks, decreases in shoot water potential and stomatal conductance have been reported by Folzer et al. (2006) and Parent et al. (2008) . Recent studies emphasized the importance of PIP aquaporin in the control of hydraulic conductivity (Lp) in roots (Javot and Maurel 2002) . Mechanisms by which PIP aquaporins could regulate hydraulic conductivity are partially understood. They involve a gating mechanism by protonation after cytosolic acidification during waterlogging (Fischer and Kaldenhoff 2008) . The less pronounced down-regulation observed in transcripts encoding PIP (PIP 1,5 and PIP 1,4) may explain why PO is able to tolerate more waterlogging by maintaining its hydraulic conductivity and stomatal conductance.
Energy
A down-regulation under hypoxic conditions was observed for a gene encoding for an NADH-ubiquinone oxidoreductase (Ubiqoreductase). This down-regulation was less pronounced in PO. Plant, fungal and mammalian NADH-ubiquinone oxidoreductases are involved in the respiratory chain and are the first proton-translocating electron transfer complexes. These proteins are located in the inner membrane of the mitochondria (Herz et al. 1994) . In oaks, down-regulation of this gene could be explained by suboptimal O 2 concentration during hypoxic stress.
Conclusion
The discovery of genes that underlie ecological divergence between sister species undergoing sympatric speciation has gained increasing interest, especially with the development of next-generation sequencing technology (Rice et al. 2011 ). Both structural variations and alteration of gene expression have been shown to contribute to adaptative divergence, with studies mostly performed in animals.
This study carried out in a forest tree has revealed, for the first time, key molecular players potentially involved in waterlogging adaptation between sister species undergoing sympatric speciation. Tolerance to waterlogging in PO may be in part explained by a better efficiency (defined here as the ability to remobilize starch to maintain the pyruvate pool) in its fermentative pathways. More precisely, sugar starvation in PO may be delayed by the hydrolysis of starch by β-amylase providing a pool of soluble carbohydrate used in the fermentative pathways. Then over-expression of key enzymes of glycolysis (PK) and fermentation (Alcohol Dehydrogenase) allows PO to maintain its energy production. A higher sensitivity of PO to switch its metabolism to anaerobic fermentation is also supported by the up-regulation of LRR genes, leading to activation of the ROP signalling pathway and thus over-expression of Adh genes. Pedunculate oak seems to be also more able to cope with stressful conditions through Chaperone induction. Finally, genes potentially related to morphological adaptations like (i) hydraulic conductivity and stomatal conductance (PIP 1,4) and (ii) aerenchyma formation (ACC oxidase) are also over-expressed in PO. However, the link between these expressional CGs and the morphological adaptations is hypothetical. Further studies in
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Another important challenge will be to attribute a molecular function to the numerous unknown genes identified in our study. This high proportion of hypothetical proteins was essentially related to the small size of the SSH fragments. In the coming years, we will use the first oak unigene set generated by Uneo et al. (2010) to increase their size and assign them a molecular function.
Expressional CGs identified in this study will now represent the starting point to answer the question if, how and why expressional variation matters (i.e., affects the function and the fitness of organisms in natural populations). Answering this question will require one (i) to identify mutations of adaptive significance (that natural selection has favored), based on nucleotide diversity pattern analysis, and (ii) to validate functionally important SNPs in associating nucleotide diversity with the variation of waterlogging tolerance-related traits in oak. We have already identified a study plot with specific ecological settings, including continuous gradients of the water table, to test this hypothesis in the coming years.
Supplementary data
Supplementary data for this article are available at Tree Physiology Online.
